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Introduction
Cotton is an important cash crop of Pakistan, contributes a major share in foreign exchange earnings and provides the basis for a national textile industry. Cotton (Gossypium hirsutum L.) is cultivated on an area of 3125, 000 ha with an annual production of 12.8 million bales (Anonymous, 2013 (Anonymous, -2014 . Overall, the living of millions of people in Pakistan is linked with cotton cultivation, ginning, oil industries, trade and spinning processes. It has many uses but it is mainly cultivated for its fibre and seed oil (Pandey, 1998) . Gossypium hirsutum (upland cotton) is mainly cultivated in the world and produced 90% of world cotton production followed by 8% from G. barbadense (american pima or egyptian cotton) and 2% from (asiatic, desi cotton) G. herbaceum and G. arboreum (Wendel and Cronn, 2003) .
Lot of efforts has been made by cotton researchers to develop upland cotton varieties having high yield potential, desirable fibre quality and tolerance/resistance to insect's pests and diseases through conventional breeding approaches. Success in this regard is achieved but the textile mills have been increased from 2 to over 500 in Pakistan. It is estimated that our textile industry would require 20 million bales of lint by 2020. However, cotton producers in Pakistan are currently faced with rising production costs and static return (Haidar et al., 2007) .
Moreover, there are limitations of availability of sufficient genetic variability in the native germplasm (Haidar et al., 2012) . To achieve desired objectives through conventional breeding approaches is highly depended on adopted techniques. Raising of induced variant/mutants populations with proper screening techniques is useful to identify the desirable traits among the mutant populations and to evaluate their adaptability (Sikora et al., 2011) .
Different types of physical and chemical mutagens are extensively used to induce variations in plants. Among the physical agents, gamma rays are used to create point mutations and small deletions (Wu et al., 2005) .
The mutation breeding techniques have been effectively used for the improvement of yield characters and development of germplasm with novel and desired traits of major crop plants (Maluszynski et al., 1995; Shu and Lagoda, 2007; Sestili et al., 2010; Tomlekova, 2010) . Number of mutants of different crop plants have been developed and released in different countries of the world with improvement in some characters (Ahloowalia et al., 2004) . Such mutants are reported in cotton Muthusamy and Jayabalan, 2011) , soybean (Hofmann et al., 2004) , potato (Li et al., 2005) , cassava (Joseph et al., 2004 , Buttibwa et al., 2015 , Chrysanthemum (Datta et al., 2005) and groundnut .
The approach like, the exposure of seed to ionizing radiations in cotton is used by different researchers. A new cotton variety MCU-7 was developed, which was early, high yielding and has long staple then its parents (Carnelius, 1973) . Miah and Yamaguchi (1965) , reported increase in genetic variability for different quantitative traits in segregating F2/M2 population in rice. Mike et al. (1987) also reported seed irradiation studies in various crops i.e., wheat, barley, rice, maize etc in different countries. A cotton mutant NIAB-92 was developed through seed irradiation technique which was early and high yielding as compared to parent Stoneville-231 . Through F1 seed irradiation a high yielding and early maturing mutant NIAB-78 was also developed (Iqbal et al., 1991) . Another technique i.e. treatment of pollen with gamma rays is also utilized by different researchers. Sanamian (2003) reported various genomic and chromosomal mutations in M2 families developed through pollen irradiation. Variability in cotton plants treated with pollen irradiation is mainly because of chromosomal rearrangements and genomic mutations during meiosis. Vig (1973) reported that radiation treatments enhance crossing over near the centromere region in Glycine max. Moreover radiations and chemicals treatments increase somatic recombinations. Pollen irradiation before cross-pollinations for hybridization in different crops has also reported by different researchers (Pate and Duncan, 1963; Ibragimov et al., 1965; Krishnaswami and Kothandaraman, 1976; Aslam and Stelly, 1994; Aslam, 2002) and is considered useful to create new genetic variability in cotton.
This research study was conducted to create genetic variability by gamma irradiation, selection of mutants with desirable economic traits and confirmation of stability, adaptability of the selected mutant with better yield and quality characters. This manuscript details the report on use of low dose of induced mutations on germ cells and selection of useful mutants.
Materials and Methods

Plant Material
The cross was made by utilizing NIAB-78 (local cotton variety) as female parent with REBA-288 (exotic line) at Nuclear Institute for Agriculture and Biology (NIAB), Faisalabad, Pakistan. The local variety NIAB-78 has good agronomic traits along with better yield potential, average quality parameters but susceptible to cotton leaf curl virus disease. Whereas the exotic line REBA-288 has bushy type plant, average quality parameters but better tolerance/resistance to cotton leaf curl virus disease. Selfed seeds of male and female parents were grown and approximately fifty plants of each were developed. At maturity flower buds of female parent were emasculated and covered with paper bags at evening time. Flower buds of male parent were also covered to protect any mixing.
Radiation Treatment
Male parent pollen was collected from covered flowers after anthesis and irradiated with gamma rays from a 60 Co irradiation source. The irradiation was performed at room temperature at NIAB, Faisalabad, Pakistan during 1998-1999. Emasculated flowers were pollinated with irradiated pollen and rebagged to prevent uncontrolled crossing. Bolls developed from the crossed flowers were harvested and seeds were obtained and designated as M0 seed.
Evaluation of Mutated Generations
M1 population was developed from M0 along with both parents as control at experimental field of NIAB, Faisalabad. The seeds were planted at a spacing of 30 x 75 cm plant to plant and row to row respectively. The M2 population was raised from M1 generation and it consists of more than one thousand individual plants. In M2 generation, maximum numbers of mutants/recombinants were selected keeping in view of different plant traits. Selected mutants were planted in M3 generation in replicated progenies. These progenies were studied in M3 generation for their breeding behavior and economic traits and one elite line was selected. Plant progeny rows were also studies in M4 generation to confirm desirable traits. The progeny M-7/09 was selected from M6 and bulked for evaluation as NIAB-2008. All these generations were raised and evaluated at NIAB during [2000] [2001] [2002] [2003] [2004] [2005] [2006] , where the soil type is of clay loam. Agronomic and plant protection practices were carried out throughout the crop growing season during respective years.
Evaluation in Adaptability Trials
Various yield trials (local, zonal i.e., NCVT, PCCT, 1.25 acre PSC farm etc.) were conducted at public sector experimental institutes etc during [2007] [2008] [2009] [2010] [2011] [2012] . The objective was to analyze yield potential, fibre quality traits and wider adaptability at different environments and soil types. It was also evaluated for their response to earliness, insects and diseases particularly of CLCuV-B.
Screening for Cotton Leaf Curl Virus Disease and Insect Pests
Screening against cotton leaf curl disease was done through grafting and whitefly inoculation technique. For grafting studies, ten pots for each variety were sown in glass house. Plants were graft inoculated with CLCuV-B following the methodology of bottle shoot grafting method ( Akhtar et al., 2002 Akhtar et al., , 2010 . Entomological studies regarding its response to sucking pests and damage by bollworms were conducted under optimized spray conditions at NIAB Faisalabad.
Fibre Characters Analysis
Fibre characters of the selected mutant lines were analyzed using High Volume Instrument (HVI) as well as manually operated instruments at NIAB, Faisalabad. As per requirement of mandatory evaluation by Punjab Seed Council (PSC), fibre quality of NIAB-2008 was also got analyzed from four standard laboratories i.e. Cotton Research Institute (CRI), Faisalabad; NIBGE, Faisalabad; All Pakistan Textile Mills Association (APTMA), Lahore and CCRI, Multan. The samples were collected by members of expert sub committee (ESC) of PSC during spot examination and fibre characters in the standard labs were also analyzed using High Volume Instrument (HVI). These fibre characters were evaluated by expert subcommittee members during 2014-2015.
Statistical Analysis
The experiments related to yield evaluation were also planted in randomized completed block design (RCBD) with three replication and different number of treatments/varieties during different years. The data for different morphological characters and seed cotton yield in different yield trials and fibre characters were subjected to analysis of variance (ANOVA) using the methodology (Steel et al., 1997) . In addition data for seed cotton yield in various adaptability trials were compared using Fisher's least significant difference (LSD) procedure.
Results
A local cotton variety was crossed with an exotic line by using gamma irradiated pollen and a useful mutant NIAB-2008 was selected. Its developmental history is given (Table 1 ). The mutant NIAB-2008 (Fig. 1A) showed early flowering, medium height, higher number of bolls per plant, more number of nodes/sympodial branches, good /fluffy opening, better yield potential and plant type as compared to parents NIAB-78 (Fig. 1B) and REBA-288 (Fig. 1C) . Data on different traits of selected mutant along with control lines is given in detail and discussed.
Influence of Mutagenic Treatments on Selected Plants
Significant differences were observed between the control and plants developed from the irradiated pollen. In M1 generation the plants were taller in growth and showed hybrid vigour for different traits as compared to the nonirradiated both parents/control. In M1 generation, the germinated plants showed better tolerance to cotton leaf curl virus disease (CLCuV-B). There was variation in M2 generation and plants possessing good characters were selected. Succeeding generation M3-M6 was evaluated, and as a result mutant with high yield potential was selected, which was later named as NIAB-2008. The comparison of selected mutant from parents (control) showed differences in plant traits ( Table 2 ). The plants developed from the treated pollen showed different developmental plant features at seedling and normal plants development stages in the field conditions. Similar results were earlier observed in cotton Jayablan, 2000, 2001) .
Field Evaluation of Mutant Line
A range of morphological variations was observed from seedling stage to maturity in M2, M3 and M4 generations. Plants with improved yield and yield contributing traits and ginning out turn percentage, staple length, fibre fineness, fibre strength and uniformity ratio etc were selected to record and analyze the effect of gamma rays treatments on the selected plants from the control (parents etc). The flowering periods of mutants were decreased compared to the parents whereas increase in seed cotton yield was observed. Similar results were earlier recorded (Swami and Swami, 1986) . The plant height in selected mutants were ranged from 135-145 cm, which was comparatively higher than untreated plants having a range of 125-140 cm. Mutant lines also showed higher number of bolls as compared to control. Earlier, (Joseph et al., 2004) reported significant variations in plant height in cassava mutants.
As a requirement of mandatory evaluation in national and provincial coordinated trials, NIAB-2008 was evaluated in yield trials. The data were statistically analyzed by analysis of variance technique (Steel et al., 1997 ). Significant differences were recorded for seed cotton yield compared to standard varieties. In local trials (preliminary & advanced), it produced 32.5% higher seed cotton than standard CIM-496 (Table 3) . These standards are decided at national level and are the most popular and dominating cultivars.
In PCCT, it produced 17.8% and 61.8% higher seed cotton yield than standard during two years testing. On an average in PCCT, it produced 32.7% higher seed cotton yield. In NCVT, it produced 58.2% and 11.7% more seed cotton yield than standard in Punjab and on country basis respectively. During second year testing it produced 6.2% and 6.4% higher seed cotton yield than standard MNH-786 in Punjab and at country basis respectively (Table 4 ).
The yield performance of candidate lines in PCCT and NCVT trials was compared using Fisher's least significant difference (LSD) procedure. All the varieties showed significant differences (Table 5) . Similar results were earlier reported in cotton (Nepolean, 1999) .
Pathological Studies
Screening against cotton leaf curl virus (CLCuV) disease for the selected mutants was continued after selection. The finally selected mutant NIAB-2008 was recorded resistant to CLCuV disease (old strain) like standards CIM-499 and CIM-496. The field response to different diseases of cotton in NCVT was analyzed (Table 6 ). NIAB-2008 showed stunting of 1.3% compared to GS-378 (1.4%) and VH-289 (1.7%). Whereas the boll rot analysis of NIAB-2008 showed the disease incidence of 2.8% compared to SLH-334 (3.1%), FH-4243 (3.5%), CIM-573 (2.4%), GS-321(5.6%), CRIS-486(4.7%), RH-625(3.0%) and MNH-786 (3.5%). The response of NIAB-2008 to CLCuV-B was also studied in NCVT. NIAB-2008 showed better performance against cotton leaf curl virus (CLCuV-B) compared to standard MNH-786. For grafting studies, ten pots each for each variety were sown in glass house. Graft inoculation of the plants with CLCuV-B was done by following the bottle shoot grafting method (Akhtar et al., 2002 (Akhtar et al., , 2010 . Results showed that number of days taken to appear the symptoms (after grafting) in case of NIAB-2008 were 14-20 compared to 12-18 of MNH-786 (Table 7) .
Fibre Quality Analysis
The results of fibre quality testing studies revealed that fibre quality traits of NIAB-2008 are either better or comparable to standard. Fibre quality testing was carried out at four standard laboratories. On an average of all labs, NIAB-2008 scored fibre quality i.e., ginning outturn (GOT) (Table 8) . It has better fibre quality traits as compared to both parents. Ginning out turn percentage, staple length, fineness, strength etc has been improved through irradiation treatment as compared to control parents. Similar observations were earlier reported (Ibragimov et al., 1965) and significant variation between individual tetraploid lines for fiber contents was observed (Smith et al., 2004) . Various important morphological, plant, leaf, flower, boll and seed characters are given in Table 9 . It is maintained regularly at NIAB and breeder nucleus seed (BNS) is being provided to farmers/seed producing agencies.
Discussion
This study provides an extensive research on the induced mutations through (γ) gamma rays used on pollen grains (germ cell) in cotton and variations in succeeding generations. The results showed that the low doses of gamma rays are useful to create the desired variation in the mutated populations. The overall changes recorded in the selected mutant line are may be due to genetic variation caused by gamma irradiation. In some earlier findings such type of reports i.e. variations in leaf shape (Muthusamy and Jayabalan, 2000) , in term of increase in yield (Muthusamy et al., 2005) , twin boll and boll shape irregularities (Muthusamy et al., 2004) and other morphological variations (Muthusamy and Jayabalan, 2001) was observed in cotton mutant lines.
The result of NIAB-2008 has showed that, pollen irradiation of suitable parent before cross pollination is an appropriate technique to create useful variability in cotton. By suing seed irradiation method, a large M2 population is required because the whole genome is irradiated and whole genetic makeup is disturbed . Whereas in case of pollen irradiation half of the genome receives the irradiation, hence major changes are less compared to seed irradiation (Aslam, 2000; Aslam et al., 2009) . These results support the effectiveness of pollen irradiation technique to improve crop plants.
In pollen irradiation technique, male pollen is irradiated at low doses of gamma rays before cross pollination and therefore more recombinations are brought as compared to seed irradiation, simple cross breeding and backcrossing (Aslam et al., 2009) . Due to this a small M2 population is required in case of pollen irradiation because of higher rate of mutations/recombination's (Wang, 1990) .
In this study, lower dose of gamma irradiation showed enhancing effects on growth of vegetative and reproductive parts of plants along with yield and yield contributing characters. Such type of enhancement is due to increase in enzymes activity, which is required in biosynthesis of hormone in the cell (Vagera et al., 1976; Yue and Zou, 2012) , which ultimately increases the growth and number of cells and the whole plant. Induction of mutations through this comparatively easier method was earlier reported by different researchers Aslam and Ealahi, 
2002
) and is in accordance with our present finding in cotton. Due to irradiation effects, NIAB-2008 on an average exhibited 35.7% higher yield than standard in NCVT and PCCT. NIAB-2008 being moderately hairy with medium sized erect plant type with short to medium short sympodia is suitable to obtain good yield. It has better leaf foliage which is suitable for high density planting. Its plant type facilitates the easy application of pesticides to control the cotton insect pests. Its fibre quality characters are according to prescribed standard and as per requirement of textile sector, which is the dire need of national production and good quality cotton for meeting the domestic textile industry requirements.
Due to these useful characters, the mutant NIAB-2008 was recommended and approved by Punjab Seed Council (PSC) in its 46 th meeting in May, 2016. It is being recommended to farmers' community for general cultivation in Punjab province of Pakistan. Its cultivation will be adding to the national exchequer through export of raw cotton and value added products and to meet the demand at national and world level as well. Being a long staple variety, it will have very positive implications of obtaining additional returns at national economy to meet the demand of long staple cotton at national as well as at international level.
Conclusion
With substantial varietal difference, the pollen irradiation technique can be effectively used to produce high seed cotton yield with fiber of long staple. Further studies are needed to find the possible mechanism(s) of induced mutations at molecular level that cause improvement as noted in the present study.
